We report an all-fiber miniature exposed Fabry-Pérot (F-P) cavity microfluidic refractometer by splicing an ultrashort segment of thin fiber with standard single-mode fiber with large off-center alignment. Theoretical investigations of dynamic range and sensitivity issues for the proposed fiber sensors are carried out. The exposed F-P cavity can provide excellent interaction between embedded gas/liquid with guided light, with a high sensitivity of 1086 nm/RIU at ∼1550 nm within the refractive index (RI) range from 1.332 to 1.3565. Meanwhile, the exposed F-P cavity structure is insensitive to temperature fluctuation. The simple and cheap fabrication method, together with ultracompact package, stable operation, and low-temperature cross-sensitivity, verify that it has great potential for microfluidic RI sensing for chemical, biological, and medical applications.
Introduction
In-situ microfluidic refractive index sensing is in great realistic demand in chemical, biological, and medical applications. It has been sufficiently validated that fiber optic sensors possess great potential for refractive index sensing because of their unique advantages, including low cost, compact package, stable operation, precise characterization, and intrinsic immunity to harsh environments and electromagnetic interference. Versatile configurations of fiber optic sensors for RI monitoring have been demonstrated, such as the tapered single mode fiber (SMF)-based Michelson interferometer [1] , the fiber tapered modal interferometer [2] , the photonic crystal fiber (PCF) based Fabry-Pérot (F-P) interferometer and modal interferometer [3] - [6] , either the femtosecond (fs) laser or focused ion beam (FIB) machined micro cavity F-P interferometer and Mach-Zehnder interferometer [7] - [13] , the fiber end face micro-hemisphere F-P interferometer [14] , the hollow fiber tube and microstructured fiber based F-P interferometer [15] - [17] , the single mode-multimode-single mode (SMS) interferometer [18] , the microfiber coil/knots [19] , [20] , microfiber based Mach-Zehnder interferometer [21] , the high birefringent elliptic microfiber Sagnac interferometer [22] , long-period grating [23] , and microfiber Bragg grating [24] , [25] .
It is found that the F-P interferometer is the most widely used configuration for RI sensing, because such a compact structure can provide relatively ultra-higher sensitivity than other schemes. Thus, the F-P interferometer can offer higher detection resolution on RI, assuming the same spectral resolution is used for measurements, which is very useful for perceiving tiny RI variation for some specific applications, such as monitoring of water quality and low concentration special gas. Recently, several research efforts have been made to develop new open-cavity F-P interferometer by more flexible techniques, because both the fs laser and FIB micromachining are neither cheap nor easy to be implemented, which result in low fabrication efficiency. Wu et al.
reported an impressive C-shaped fiber open-cavity F-P interferometer, but such special C-shaped fiber is self-fabricated and seems not commercially available [26] . Wu et al. presented an etched sidehole fiber based F-P cavity [27] , but complicated processing procedures are required. In particular, it is dangerous and very challenging to use hydrofluoric acid to precisely etch a specific structure within the fiber. Gao et al. reported a tapered microfiber based F-P interferometer [28] and Mach-Zehnder interferometer [29] , bringing impressive results and excellent perspective. However, the tapering process needs special equipment. Very recently, Quan et al. managed to enhance the sensitivity by using the Vernier effect arising in a hollow fiber tube and PCF cascaded F-P configuration [17] . However the concern is the residual analyte in the cavity when its incomplete open cavity structure is taken into account. Consequently, real time monitoring may not be possible.
In this submission, we experimentally demonstrate a cheap, simple and efficient F-P cavity based microfluidic refractometer. The F-P cavity is fabricated when a short segment of thin fiber (TF) with two standard SMFs is sandwiched. The use of TF, rather than standard SMF, is to improve its mechanical robustness. Theoretical investigations are performed to gain insight into the sensitivity and dynamic range issues of the proposed fiber optic sensors. Optimal geometrical alignment is achieved for a super F-P interference spectrum with high fringe contrast. The temperature response is also characterized and reveals that such exposed F-P cavity structure is temperature insensitive. In particular, neither tapering nor etching is required. Only cleaving and splicing are used without specialty fiber; thus, it provides an efficient solution to implementation of a miniature and reliable label-free sensor for measuring chemical and biological samples.
System Configuration and Operation Principle
The TF provided by Yangtze optical fiber and cable company has a cladding diameter of 80 m and its mode field diameter is ∼9.5 um at 1.55 um [30] . Compared with SMF based support arm for the F-P cavity, the TF constructed arm can enhance the robustness of the sensing head. The manual operation mode of a fusion splicer (Fitel S153A) is chosen to implement the controllable off-center splicing. The TF is firstly spliced to a SMF with well-controlled lateral offset. Then, it is cut with a specific length by fiber cleaver. Specifically, for achieving the specific cavity length, the spliced lead-in SMF is placed in the v-groove of the fiber cleaver freely. Meanwhile, the spliced thin fiber is clamped onto the micro-translation stage. Additionally, a microscope is used for the purpose of real-time monitoring. As a result, the ideal cavity length is available by adjusting the micro-translation stage. Once the adjustment of cavity length is done, both the lead-in SMF and thin fiber are clamped on the fiber cleaver, as shown in Fig. 1(b) . Next, ordinary cleaving procedure is performed. Such fabrication procedure ensures precise control of the cavity length. The core offset between the TF and the SMF is a critical parameter that has to be chosen elegantly. As shown in Fig. 1(c) , the TF is located at a place, where the top cladding keeps bellow the core border of SMF, in order to achieve an offset of 51 um. The arc parameters have to be carefully optimized as well, because we need to obtain both smooth glass-air interfaces and good mechanical strength simultaneously. It is well known that strong discharging can collapse or deform the end faces of SMF, leading to degradation of the interference performance. Meanwhile, weak discharging can result in fragile sensing head structure. In our experiment, the discharge power is optimized to be "+00025" with the duration time of 250 ms. The whole process is repeatable and stable.
In this TF based cavity exposed structure, two glass-air interfaces of the cavity act as mirrors to generate F-P interference, as shown in Fig. 1(d) . The reflected power P r from the F-P cavity is given by [31] 
where P i is the input power; R 1 and R 2 are the reflectivity of two mirrors, respectively; and is the accumulated round-trip propagation phase difference between two beams from two mirrors, which is governed by
where n is the refractive index of the embedded medium, l is the cavity length, and is the operation wavelength. The resonance wavelength dips Dip occur when the phase difference is an odd multiple of , i.e., ¼ ð2m þ 1Þ, m ¼ 0; 1; 2; . . .; thus, we have
Considering two adjacent resonance dips Dip1 and Dip2 , their phase difference is 2. As a result, the free spectrum range (FSR) can be derived as
Moreover, it can be seen from (3) that the variation of refractive index of analyte filled in the F-P cavity can lead to the shift of resonance dips. Therefore, by tracking the dip wavelength shift, we are able to obtain the change of RI. Thus, the definition of sensitivity S can be acquired when we take the derivative of Dip with respect to n
Equation (5) reveals that the sensitivity of the proposed F-P cavity based sensors is determined by both the chosen resonance dip for measurement and the microfluidic RI range for monitoring. Furthermore, it is independent of the cavity length. In order to verify the conclusion, we perform the numerical simulation of reflection spectrum response with different cavity lengths by monitoring the RI from 1.332 to 1.340 with a step of 0.0005, where the reflectivity R 1 and R 2 are both set to be 4%. As shown in Fig. 2(a)-(c) , by extracting the shift of one specific dip, the simulated sensitivities of 1150 nm/RIU @1540 nm, 1150 nm/RIU @1530 nm, and 1150 nm/RIU @ 1530 nm are obtained for the 15 um, 35 um, and 55 um cavity, respectively. Thus, the sensitivity of the proposed fiber sensors is proven to be independent of the cavity length. However, from another point of view, short cavity can bring wider FSR, as shown in Eq. (4). Normally, wide FSR is preferred, because it can provide large dynamic range for measurement. A rough dependence of FSR as a function of cavity length around 1.55 um is shown in Fig. 2(d) as a solid line, where n is set to be 1.332, and Dip1 and Dip2 are both approximately chosen to be 1.55 m. Moreover, the measurement error is numerically plotted in dot line correspondingly. The error is analytically deduced from the subtraction between the approximated FSR and the simulated FSR: error ¼ FSR approximation À FSR simulation . It can be seen that the approximation is quite reasonable, when the cavity length is long. However, in the case of short cavity length, the error could be severe, and thus, the estimation is no longer applicable.
Experimental Results and Discussion
A TF based cavity exposed F-P interferometer with 42.5 um cavity length is fabricated, which provides ∼23.5 nm free spectrum range around 1550 nm. Then, we carry out the measurement of RI with a reflection configuration, as shown in Fig. 3 . An amplified spontaneous emission (ASE) broadband light source with wavelength range from 1520 to 1580 nm, and an optical spectrum analyzer (OSA, Yokogawa AQ6370C) with 0.02 nm resolution are used for spectral measurement. The F-P cavity sensing head is immersed into NaCl-water solution. Then, high concentration solution is gradually increased. Meanwhile, the RI of solution is calibrated by an Abbe refractometer simultaneously. The reflection spectra under different RI from 1.332 to 1.3565 are recorded, as shown in Fig. 4(a) , where the black arrow indicates the shift direction of the chosen dip, and the first and last spectra have been highlighted in red and purple, respectively, for the ease of observation. The slight reduction of reflection power with the growing of liquid RI is due to the increased absorption and scattering coefficients. However, there occurs no negative effect on the monitoring of resonance dips. In addition, Fig. 4(b) gives the experimental data retrieved 3-D mapping of reflection spectrum on RI. The linear dependence of the chosen dip wavelength on the RI is presented in Fig. 4(c) , with a linear fitted sensitivity of 1086 nm/RIU and 0.9991 R-square. The measured sensitivity is very close to the theoretical prediction. We infer the slight difference may be due to material dispersion of analyte [26] . For the specific FSR that the fabricated sensor has provided, the obtained sensitivity indicates a RI measurable range of 0.02164 RIU around 1.332. The obtained RI detection limit is 1:842 Â 10 À5 RIU when the used OSA spectral resolution of 0.02 nm is taken into account.
For the purpose of performance comparison, we summarize the RI sensitivity of various fiber sensor schemes, as shown in Table 1 . Our obtained result is similar to previous ordinary Fabry-Pérot interferometer based fiber sensors. Moreover, for current configuration, the reflection from the end of the lead-out SMF is intentionally suppressed by cleaving the SMF with a slight angle in order to obtain clear interference spectrum. Alternatively, a good solution to improve the sensitivity is to generate Vernier effect by overlapping multiple reflective spectral with different FSRs [17] , [20] . However, it is at the expense of simplicity because more complicated data processing is required. The temperature fluctuation is a concern for practical application, so the characterization of temperature response is performed. The sensing head is placed between a contact-type dualcopper plate structure, which is constructed by thermoelectric cooler (TEC). Temperature is varied from 20°C to 60°C with a step of 10°C, and the corresponding reflection spectra are recorded, as shown in Fig. 5(a) . It is found that this cavity exposed F-P interferometer is not sensitive to the temperature variation, when the dip wavelengths around 1560 nm at reflection of −26.1 dB are selected as indicators to interrogate its temperature response. The indicator's wavelength as a function of temperature is shown in Fig. 5(b) . The measured temperature sensitivity is 4.956 pm/°C, which is in consistent with the previous results [8] , [9] , [13] , [26] - [28] . The negligible temperature dependence with a cross sensitivity of 4:564 Â 10 À6 RIU/°C indicates its high performance for real application. In addition, as an intrinsic feature of interferometer, the fabricated sensor is sensitive to ambient vibration. However, the spectrum is quite stable, as shown in Fig. 4(a) and (b) , when a sample container is used to isolate the vibration.
Conclusion
We have demonstrated a TF based cavity exposed F-P interferometer for monitoring microfluidic refractive index with high sensitivity. The F-P cavity is fabricated when an ultra-short segment of TF with standard SMFs with large off-center alignment is spliced, where the TF is performed as a support arm in order to enhance the mechanical robustness of the sensing head, in comparison with the traditional SMF constructed scheme. We theoretically find that the sensitivity is determined by both the chosen resonance dip for measurement and the microfluidic RI range for monitoring, but it is insensitive to the cavity length. In order to obtain a large dynamic range for measurement, short cavity length is preferred. The measured RI sensitivity is 1086 nm/RIU at ∼1550 nm within the RI range from 1.332 to 1.3565. Meanwhile, a very low temperature dependence of only 4.956 pm/°C is obtained. The proposed fiber sensor only needs conventional cleaving and splicing processing for fabrication, neither tapering and etching nor micromachining is required, Thus, the proposed fiber sensor with its unique advantages of low cost, reliable and label-free monitoring exhibits great potential for characterizing chemical and biological microfluidic samples. 
